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The (Li1−xFexOH)FeSe superconductor has been suspected to exhibit long-range magnetic or-
dering due to Fe substitution in the LiOH layer. However, no direct observation such as magnetic
reflection from neutron diffraction has be reported. Here, we use a chemical design strategy to
manipulate the doping level of transition metals in the LiOH layer to tune the magnetic properties
of the (Li1−x−yFexMnyOD)FeSe system. We find Mn doping exclusively replaces Li in the hydrox-
ide layer resulting in enhanced magnetization in the (Li0.876Fe0.062Mn0.062OD)FeSe superconductor
without significantly altering the superconducting behavior as resolved by magnetic susceptibility
and electrical/thermal transport measurements. As a result, long-range magnetic ordering was
observed below 12 K with neutron diffraction measurements. This work has implications for the
design of magnetic superconductors for the fundamental understanding of superconductivity and
magnetism in the iron chalcogenide system as well as exploitation as functional materials for next
generation devices.
I. INTRODUCTION
The binary FeSe, with a superconducting critical tem-
perature (Tc) of 8 K
1, provides an excellent template
to study exotic physical phenomena in iron-based super-
conductors due to its simple structure, ease of chem-
ical manipulation and relatively high superconducting
critical temperature. Amazingly, the Tc of FeSe can
be improved significantly to 42-46 K from 8 K after
intercalation2–4, 37 K with applied pressure5 or 65 K
in the monolayer limit6. The well-studied intercalated
compound (Li1−xFexOH)FeSe (Tc = 42-44 K) consists
of a tetragonal layer of partially charged Li1−xFexOH
(x ≈ 0.1-0.2) between the FeSe layers. Such a struc-
ture is stabilized by the partial charge transfer due to Fe
doping on the Li site as well as hydrogen bonding from
the LiOH layer to the Se atoms in the FeSe layers3,7,8.
The Fe substitution in the insulating hydroxide layer not
only plays a crucial role in the enhancement of Tc, but
also can induce exotic physical phenomena such as co-
existence of magnetic order and superconductivity9–11.
Although many reports have shown signatures of mag-
netic order in this compound, there are no definitive
signs to understand the true nature of its magnetism.
The magnetic transition is intrinsic to the system with
different reports attributing this transition to ferromag-
netic ordering, canted antiferromagnetic ordering, and
spin glassiness9–13. Despite their differences, all of these
studies point toward the hydroxide layer as the source of
the magnetic ordering.
In contrast to the uncertainties in (Li1−xFexOH)FeSe,
there is a history of the observation of the coexistence
of magnetism and superconductivity, mostly in rare-
earth element containing compounds. The first exam-
ples of long-range magnetic order coexisting with super-
FIG. 1. Synthetic scheme and results of targeted
(Li1−x−yFexMnyOD)FeSe by converting Mn-doped
KFe1.8−zMnzSe2 hydrothermally.
conductivity was observed in the ternary Chevrel phases
RMo6S8 and RRh4B4 (R = lanthanide) where magnetic
order arose from the lanthanide ion sublattice which
was isolated from the superconducting sublattice. In
these systems, both antiferromagnetism and ferromag-
netism was observed coexisting with superconductivity
depending on the lanthanide chosen for the magnetic
sublattice14–17. The stabilization of magnetic order in
these compounds was explained by dipolar electromag-
netic interactions as the magnetic transition tempera-
tures were below 1 K. Akin to these compounds were
the later discovered borocarbides RNi2B2C where the
magnetic ion sublattice now exhibits significant R-R ex-
change interactions pushing the magnetic phase transi-
tion much higher than in the Chevrel phases18–20. The
discovery of superconductivity in the cuprate family of-
fered a new avenue for exploration. In these compounds,
magnetic ion sublattices isolated from the CuO planes
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2show low ordering temperature similar to the previously
mentioned systems which can coexist with superconduc-
tivity. However, interestingly in these compounds, Cu
ions (S = 1/2) of the CuO planes exhibited antiferro-
magnetic insulator behavior, but this antiferromagnetic
order could be suppressed to induce superconductivity
upon doping.21–24 The iron pnictide superconducting sys-
tems exhibit similar phenomena to the cuprate systems
whereby magnetic order can coexist with superconduc-
tivity through an isolated magnetic ion sublattice and
superconductivity arises from suppressing magnetic or-
der of the iron pnictide layers through doping21,25–29.
Unlike the related iron pnictide phases, FeSe exhibits
no parent magnetic phase;1,30 recent work has shown
a high temperature nematic phase that precedes the
superconducting phase31–33. Although no parent mag-
netically ordered phase exists, strong magnetic fluctua-
tions have been observed in a wide range of tempera-
tures in FeSe through neutron and NMR spectroscopy
experiments30,34–36. Thus, the introduction of a mag-
netic spacer layer between FeSe may help to further re-
veal the role magnetic fluctuations play in superconduc-
tivity in the Fe-chalcogenide systems.
In addition to its interesting magnetism, experimental
evidence has shown that (Li1−xFexOH)FeSe exhibits a
Majorana Zero Mode (MZM) which plays a critical role in
topological quantum computing applications37,38. There-
fore, (Li1−xFexOH)FeSe is a perfect system to study and
understand the coexistence of physical phenomena for
possible applications in functional materials as well as
quantum computing.
Since all the aforementioned exotic phenomena emerge
from the interactions between the superconducting
FeSeδ− and the insulating (Li1−xFexOH)δ+ layers, one
may suggest to modify the hydroxide layer to induce
new properties. Unfortunately, traditional solid-state re-
actions and methods will be insufficient to modify the
solid solutions as these phases are metastable. Thus, we
have developed a two-stage ion-exchange scheme to ob-
tain (Li1−x−yFexMnyOD)FeSe by converting Mn-doped
K0.85Fe1.8−zMnzSe2 hydrothermally. We manipulate the
chemistry of the hydroxide layer in (Li1−xFexOD)FeSe
through manganese doping to tune the magnetic proper-
ties without significantly altering the superconductivity
in the system (Fig. 1). The addition of manganese to
supplant Li and Fe in the tetrahedral hydroxide layer in-
creases the effective spin and therefore the effective mo-
ment of layer to observe long range magnetic order.
II. METHODS
Synthesis
The synthesis of (Li1−x−yFexMnyOD)FeSe single crys-
tals was perfomed via a two-step ion-exchange route sim-
ilar to previous works39–41. High purity metallic K (Alfa
Aesar, 99.5%), Mn granules (Alfa Aesar, 99.98%), Fe
granules (Alfa Aesar, 99.98%), and Se shots (Alfa Ae-
sar, 99.999%) were used as raw materials.
In order to incorporate transition metal doping, single
crystals of K0.85Fe1.8−zMnzSe2 were synthesized through
a self-flux route with elemental mixture of K:Fe:Mn:Se in
two nominal ratios of 0.85:(1.62/1.44):(0.18/0.36):2 were
mixed in an argon glovebox sealed under vacuum in a
double quartz ampoule. The quartz tubes were slowly
heated at 50 ◦C/hr to 1050 ◦C, held at 1050 ◦C to en-
sure a congruent melt, slowly cooled down to 550 ◦C at
a rate of 5 ◦C/hr, and ended with natural cooling to
room temperature. This method routinely produced 3
x 3 mm2 plate-like single crystals. The hydrothermal
ion-exchange were performed in 100 mL stainless steel
autoclaves lined with Teflon cups. For each batch, se-
lect single crystals of K0.85Fe1.8−zMnzSe2 with average
total mass of approximately 2 grams, 1.2 mmol of sele-
nourea (Sigma Aldritch, 98%), 13 mmols of iron granules
(Alfa Aesar, 99.98%), 1.2 mmol of tin granules (used to
regulate pH), 0.31 moles LiOH (anhydrous, Alfa Aesar,
98%), and 40 mL of D2O (Cambridge Isotope, 99.9%)
were loaded into the autoclave and purged under argon
flow for 2 minutes before being tightly sealed. Each au-
toclave was heated to 120 ◦C and held for 72 hours in
a convection oven. Silver plate-like single crystals were
recovered by washing away excess powders with D2O, ex-
cess iron granules were easily recovered with a magnetic
bar. Crystals were dried under vacuum overnight and
stored in an Ar filled glovebox.
Magnetic and transport measurements
All magnetic property measurements were carried out
using a Quantum Design Magnetic Susceptibility Mea-
surement System (MPMS-3) on powders and single crys-
tals of (Li1−x−yFexMyOD)FeSe samples. Zero-field-
cooled (ZFC) and field-cooled (FC) measurements were
taken from 1.8 to 300 K with various applied direct cur-
rent (DC) magnetic fields. Isothermal magnetization
measurements were taken from H = ± 7 T at numerous
temperatures to probe the magnetic and superconducting
state. Electrical transport measurements were performed
on a 9 T Quantum Design Physical Property Measure-
ment System (PPMS-9T) with temperatures from 1.8 to
300 K and fields up to 9 T using a four-probe technique
with current applied across the ab-plane due to the lamel-
lar nature of the single crystals. Heat transport measure-
ments were performed on a 14 T Quantum Design Physi-
cal Property Measurement System (PPMS-14T) over the
range of 1.8 to 60 K using the relaxation technique42–44.
X-ray diffraction measurements
Laboratory powder x-ray diffraction (PXRD) was col-
lected using a Bruker D8 X-ray diffractometer with
Cu Kα radiation (λ = 1.5406 A˚, step size = 0.020◦,
32θ = 5 - 90◦) for phase identification. In order
to aid in structural refinements associated with the
(Li1−x−yFexMnyOD)FeSe system, as three different el-
ements occupy the same crystallographic site, high res-
olution synchrotron X-ray diffraction was performed on
powders of ground single crystals at Beamline 11-BM at
the Advanced Photon Source at Argonne National Lab.
Ground powders of single crystals were packed in 0.4 mm
Kapton capillary tubes and sealed with epoxy. Diffrac-
tion data was collected between 0.5 and 46 with a step
size of 0.0001 using a constant wavelength = 0.413964
A˚(30 keV) at 100 K. Rietveld refinements were performed
using the TOPAS software suite45.
Neutron diffraction measurements
Neutron powder diffraction (NPD) data was collected
at the NIST Center for Neutron Research (NCNR)
BT-1 High Resolution Powder Diffractometer and Oak
Ridge National Lab High Flux Isotope Reactor (HFIR)
HB-2A46. Powder samples of ground single crystals
of (Li1−x−yFexMnyOD)FeSe were loaded into vanadium
cans under helium exchange gas and loaded into a
closed-cycle refrigerator (BT-1) or three-sample changer
in 70mm Orange Cryostat (HB-2A). Low temperature
diffraction data was collected at 2 K and 9 K and high
temperatures at 50 K, for direct comparison in attempts
to find magnetic satellite reflections, with Cu(311) (λ =
1.54 A˚) at BT-1 and Ge(115) (λ = 1.54 A˚) at HB-2A.
Rietveld refinements were performed using the TOPAS
software suite45. In order to search for weak magnetic
reflection, high intensity but coarse resolution diffrac-
tion measurements were performed on single crystals and
ground single crystal powder on the BT-7 spectrometer
at the NCNR using the position sensitive detector (PSD)
with PG (002) (λ = 2.359 A˚) in a range of temperature
from 2 - 50 K to search for magnetic transitions inside
the superconducting regime.
III. EVIDENCE FOR LONG RANGE
MAGNETIC ORDER
To date, all previous powder neutron diffraction data
on (LiOD)FeSe samples made via the bottom-up syn-
thesis and ion-exchange method do not exhibit observ-
able long-range magnetic order4,9,10,41,47. Small angle
neutron scattering did reveal a characteristic ferromag-
netic scattering below 12 K with a clear vortex scattering
peak observed at Q = 0.0077 A˚
−1
under a 0.4 T applied
field11. Two more recent works on single crystals of the
(LiOD)FeSe system via the ion-exchange method used
inelastic neutron spectroscopy to investigate spin excita-
tions below the superconducting temperature to reveal
their importance in driving high critical temperatures in
these compounds.40,48
We have performed neutron powder diffraction on Mn-
doped (LiOD)FeSe to observe long-range magnetic order.
The results are shown in Figure 2 which span the use of
two diffraction instruments and two different composi-
tions of the Mn-doped (LiOD)FeSe system. To start,
Figure 2b shows the low Q data accessible from the pow-
der neutron diffraction data collected at HB-2A on Mn-
doped (LiOD)FeSe and presented in Figure 3b/c in full.
At Q = 1.41 A˚
−1
, d = 4.45 A˚, a pronounced peak is
observed at 2 K which is absent at 50 K; this peak is
proximate to the nuclear (002) reflection but it was well
resolved. This is the first time a satellite reflection has
been observed in neutron diffraction for the (LiOD)FeSe
system indicating the existence of some form of long-
range order. We attribute this to the larger magnetic
moment of Mn2+ (S = 5/2) compared to Fe2+ (S = 2).
As the magnetic peak appears distinct from the nuclear
peaks, we can conclude the ordering in the system must
be of the antiferromagnetic or ferrimagnetic type. Unfor-
tunately, we observe only one magnetic peak in the data,
most likely due to the small magnetic moment of the sys-
tem or the small magnetic form factor in this compound.
The full magnetic structure cannot be solved currently.
In order to further understand how this magnetic peak
behaved as a function of temperature, additional powder
neutron diffraction data was collected on ground single
crystals of nominally 10% Mn-doped (LiOD)FeSe sam-
ples at BT-7 using the PSD. For these measurements, the
(002) reflection was identified and measured as a function
of temperature with a ±0.2 A˚−1 window of collection us-
ing the PSD. Thus, the satellite reflection proximate to
the (002) reflection observed in HB-2A data could be
recorded concurrently. The raw data collected using the
PSD at 3 K is shown in Figure 2a displayed with a two-
Gaussian model fit to the smoothed data using a third-
order Savitzsky-Golay filter due to the coarse resolution
of the raw data. The raw data and two-Gaussian fit
show two well resolved peaks, one for the (002) reflec-
tion at Q = 1.37 A˚
−1
and one for the magnetic peak at
Q = 1.44 A˚
−1
, in close agreement to the HB-2A data.
The slight discrepancy is likely due to crystallographic
differences in the compounds. Figure 2c shows the tem-
perature evolution of the normalized integrated intensi-
ties calculated by the two-Gaussian model correspond-
ing to the (002) reflection and magnetic peak. It is ob-
served that the (002) reflection is temperature indepen-
dent while the magnetic peak shows a sharp decrease
in integrated intensity above 10 K in close agreement
to the ordering temperature observed in magnetization
and heat capacity data. We can conclude that the long-
range magnetic ordering observed is intrinsic to the sys-
tem with an ordering temperature around 9 K and has
been observed for the first time by targeted design of the
hydroxide layer in (LiOD)FeSe.
Futhermore, in the Mn-doped (LiOD)FeSe we have
observed a high superconducting critical temperature
paired with a relatively high magnetic transition tem-
4FIG. 2. Powder neutron diffraction data collected at BT-7 and HB-2A. a) Powder neutron diffraction data collected at
3 K at BT-7 using the PSD on a nominally 10% Mn doped LiODFeSe sample of the (002) reflection showing a clear
well-resolved magnetic peak proximate to the (002) reflection. This data smoothed using a Savitzsky-Golay filter and
subsequently fit using a two-Gaussian model to extract temperature dependence. b) Powder neutron diffraction data on
(Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe at HB-2A showing the (002) reflection and magnetic peak at 2 K which is absent in the
50 K data. c) Temperature dependence on the integrated intensity of the two-Gaussian model on the data presented in a)
showing a sharp decrease in the magnetic peak integrated intensity up to 10 K and temperature independence above 10 K.
Uncertainties represent one standard deviation.
perature compared to rare-earth containing phases. This
arises through similar means to the previously mentioned
Chevrel, borocarbide, copper and iron-based systems
whereby the magnetic sublattice and superconducting
sublattice are isolated from another. However, we have
done so without the need for rare-earth ions. Interest-
ingly, in this system the addition of transition metal dop-
ing in the hydroxide layer both induces magnetic order as
well as charge dopes the FeSe layers significantly raising
the critical temperature of the compound. Thus, transi-
tion metal doped (LiOH)FeSe offers a tremendous plat-
form for exploration of the role magnetism plays in sta-
bilizing high temperature superconducitivity in the iron
chalcogenides and for potential use in next generation
devices.
IV. HYDROTHERMAL SYNTHESIS AND
CRYSTALLOGRAPHIC RESULTS
As shown in Fig.1, we first prepare precursors of
K0.85Fe1.8−zMnzSe2 with 10% and 20% nominal Mn
doping level using direct elemental reactions from high-
temperature. Our XRD analysis of K0.85Fe1.8−zMnzSe2
show significant different lattice constants compared to
K0.85Fe1.8Se2, indicating replacement of Fe in the FeSe
layer, presented in Table S1. Obtained small single crys-
tals of these precursors are used to exchange K with
LiOH hydrothermally as described in our earlier work41.
For such conversion, it is crucial to include additional Fe
powders and Sn metal plates in the autoclave to avoid
formation of iron oxides and complete destruction of
superconductivity. In this scheme, because the transi-
tion metal dopant, M , prefers covalent coordination with
OH− group, they are driven from the FeSe layer of the
5FIG. 3. a) High resolution synchrotron PXRD patterns for (Li1−x−yFexMnyOD)FeSe collected at room temperature, b)
and c) show NPD data for (Li1−x−yFexMnyOD)FeSe at 2 K and 50 K respectively. Green tick marks represent the targeted
tetragonal layered phase and orange tick marks represent impurity selenium. These are shown below the calculated, observed,
and differences curves from Rietveld analysis. The asterisk represent a single observable impurity peak that does not match
any observable peak in the NPD data.
K0.85Fe1.8−zMzSe2 to replace Li in the LiOH layer4,49.
This is because the hard Lewis acid, Mn2+, prefers coor-
dination with the hard Lewis base of OH− as opposed to
the soft base S2−; this prevents the formation of impurity
manganese sulfides. The vacancies in the FeSe layer are
then supplemented by Fe2+ from the solution. After the
hydrothermal conversion, we obtain the products in both
powder and single crystal forms.
After synthesis, we needed to determine the pre-
cise composition and crystallographic occupancy of all
dopants. There has been multiple works to date on sim-
ilar transition metal doping in the (LiOH)FeSe system,
but none have been able to quantify the crystallographic
location of the transition metal dopant50–53. The lo-
cation of the transition metal dopant is incredibly im-
portant in the realization of different physical proper-
ties as superconductivity in the iron chalcogenide sys-
tems is very sensitive to doping4,49,54. To identify the
crystallographic location of the Mn doping, we use ex-
tensive x-ray and neutron diffraction. Since, X-ray form
factors of Mn are very close to Fe, it is extremely diffi-
cult to obtain their site occupancy using regular X-ray
diffraction whereas elemental analysis methods are not
able to tell where Mn is located nor whether they are
from impurities. Therefore, high-resolution synchrotron
powder x-ray diffraction (PXRD) has been paired with
neutron powder diffraction (NPD) to fully understand
the composition of these materials. Fig. 3 shows powder
x-ray diffraction and powder neutron diffraction data for
(Li1−x−yFexMnyOD)FeSe. High resolution synchrotron
PXRD allows for high quality Rietveld refinements of
crystallographic structural parameters, Fe vacancies in
the FeSe layer and total transition metal (M∗ = Fe + Mn)
occupancies in the LiOH layer; however it does not al-
6low for discrimination of transition metal dopants on the
same crystallographic site. Thus, NPD complements syn-
chrotron PXRD for high contrast between Fe and other
transition metals occupying the same site.
Figure 3a shows powder x-ray diffraction data and
corresponding Rietveld fit for (Li1−x−yFexMnyOD)FeSe.
Refinements with PXRD were limited to occupation of
total transition metal (M∗) doping in the hydroxide layer
as well as total transition metal in the FeSe layer yield-
ing a formula: (Li1−xM∗xOD)MySe. Rietveld refinements
of the powder x-ray diffraction yielded a composition of
(Li0.875(2)M
∗
0.125(2)OD)MSe with lattice parameters a =
3.8008(1) A˚ and c = 9.2394(2) A˚ which is in close agree-
ment with previous works3,4,11,41.
These refined structural and occupation values were
then used as the starting model for the NPD. As men-
tioned, NPD was pivotal in determining the different
transition metal dopants in the hydroxide layer and FeSe
layers. Figure 3b,c show the NPD and corresponding Ri-
etveld analysis for (Li0.875(2)M0.125(2)OD)MSe at 2 and
50 K respectively. Subsequent Rietveld analysis yielded
a composition of (Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe.
Interestingly, it was found that all the manganese
dopant migrates to the hydroxide layer with no re-
fineable amount of manganese in the FeSe layer. It
is understood that dopants in the FeSe layer destroys
superconductivity4,41, so this reaction scheme allows for
the superconductivity to be marginally altered while the
magnetic layer can be manipulated.
V. MAGNETIC AND TRANSPORT
PROPERTIES
We have measured magnetic susceptibility at
various applied fields and isothermal magneti-
zation at 2 K and 50 K on a single crystal of
(Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe. Figure 4a/b
show temperature dependent magnetic susceptibil-
ity, corrected for demagnetization factors of a two-
dimensional plate55, with applied field applied parallel
to the crystallographic ab-plane and c-axis respectively.
Interestingly, the superconducting onset temperature is
25 K which is significantly lower than in the un-doped
system. The highest observed shielding fraction after
correction for demagnetization factors is ∼ 25% which
may indicate non-bulk superconductivity in this system.
Within the (LiOH)FeSe system, many factors that
affect the observable superconducting temperature:
lattice parameters, transition metal concentration
in the hydroxide and selenide layers, and structural
homogeneity.4,8,41
Unlike previous reports,9,10 no magnetic transition is
observed in the magnetic susceptibility even at higher
applied fields. Interestingly, the only reports to show a
transition in magnetic susceptibility below the supercon-
ducting transition are on powder samples via hydrother-
mal method9,10,41,56. Single crystals samples from the
ion-exchange hydrothermal method fail to show the sec-
ondary magnetic transition below the observed supercon-
ducting transition8,41,57–60. We hypothesize that sam-
ple uniformity in doping and structure caused by the
different reaction conditions is likely the cause of these
property differences. In the bottom-up synthesis, FeSe
and LiOH layers are formed in-situ contrary to the ion-
exchange method which requires the removal of interlayer
ions before replacing with LiOH extended solid which
would lead to more structural and compositional varia-
tion.
We observe strong anisostropy in the magnetic suscep-
tibility. Fields applied parallel to the crystallographic
ab-plane have a much stronger effect on suppressing the
superconducting transition than fields applied parallel to
the c-axis as shown in the insets of Figure 4a/b. This
is consistent with previous reports8,39 and the observed
transition is suppressed at relatively low fields, 300 Oe.
The supression is due to the superconducting irreversibil-
ity temperature which is unique in these samples due to
the very large vortex liquid region caused by extremely
high anisotropy and two-dimensionality58.
We see an effect of underlying magnetic order is observ-
able in isothermal magnetization measurements shown
in Figure 4c/d at 2 K and 50 K. For both field orienta-
tions, magnetization as a function of fields shows a su-
perconducting signal superimposed on a weak magnetic
background. Mirroring the behavior of magnetic suscep-
tibility, the Meissner shielding is more clearly observable
at low fields for the field applied parallel to the c-axis as
compared to field applied parallel to the ab-plane. Again,
this fast suppression of Meissner shielding could be due to
true anisotropy, the filamentary nature of the supercon-
ductivity, or the effects of vortex dynamics in the sample.
At higher temperatures, 50 K, the magnetic and super-
conducting signals are absent and paramagnetic behavior
is observed. This paired with x-ray and neutron diffrac-
tion data shows that the magnetic signal is intrinsic to
the system.
Electrical and thermal transport measurements
shed more light on the superconducting and mag-
netic order in this system. Temperature depen-
dence of electrical resistivity on a single crystal of
(Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe, shown in Figure
5a, shows a sharp superconducting transition at 41 K in
zero field. With field applied parallel to the crystallo-
graphic c-axis, it is observed that the superconducting
transition onset is not changed, but the transition width
in greatly increased at higher applied fields. This transi-
tion width broadening matches previous reports for this
system. Specifically where this behavior has been justi-
fied by strong vortex flow as well as a wide temperature
range for vortex liquid behavior due to anisotropy and
two-dimensionality.8,39,58,60–63
The superconducting onset temperature measured by
resistivity is much higher than in the same crystal mea-
sured in magnetic susceptibility. This phenomena was
observed in previous works as well and can be at-
7FIG. 4. Magnetic property measurements on an aligned single crystal of (Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe. a)/b) Magnetic
susceptibility data at various applied fields, aligned parallel to the crystallographic ab-plane and c-axis respectively, showing a
superconducting transition at 25 K but no second magnetic transition at lower temperature. c)/d) Isothermal magnetization at
2 K and 50 K, with the same orientation convention, showing magnetic hysteretic behavior superimposed on a superconducting
signal at 2 K and paramagnetic behavior at 50 K. Note: (1 Oe = (1000/4pi) A/m)
tributed to the vortex dynamics in the system8,59,60,63.
The residual resistivity ratio ρ(300K)/ρ(Tc) for the sam-
ple presented is ∼ 25 which is higher than in previ-
ous reports8,60–62. The observed normal state behavior
is non-linear which has been demonstrated in previous
works8,60–62 and has been attributed to over-doping in
the sulfide analogue64.
Due to the very high critical field in these samples39,
heat capacity measurements were employed to evaluate
the effect magnetic ordering has within the superconduct-
ing regime. Heat capacity measurements on this sys-
tem fail to show anomalous behavior around the super-
conducting transition9,12,65. Temperature dependence of
heat capacity at various applied fields shown in Figure
5b shows similar behavior. No anomaly is observed at
the superconducting transition temperature, however; a
magnetic transition is observed at ∼ 9 K in zero ap-
plied field parallel to the crystallographic c-axis. In these
previous reports,9,12,65 the magnetic transition was sup-
pressed at high applied fields which was justified by anti-
ferromagnetic or spin-glass ordering in the system. How-
ever, these measurements were done on samples made
via the bottom-up hydrothermal synthesis, which be-
have differently than those produced via the ion-exchange
method. To that end, the magnetic transition shown in
Figure 5b shows slight temperature suppression at 14 T,
but is still clearly observable. We can conclude that the
magnetic order in this system is of an antiferromagnetic
or ferrimagnetic nature when combined with the obser-
vation of satellite reflection in neutron diffraction.
To calculate the magnetic contribution to the heat ca-
pacity at low temperatures, the temperature dependent
Cp/T data at zero applied field was fit to a third or-
der polynomial above 20 K. This fitting was then ex-
trapolated to low temperatures and subsequently sub-
tracted from the raw data below 20 K. The remainder
was then integrated to yield ∆S as shown in Figure 5c
as a function of temperature. The change in entropy
sharply increases up to 12 K before leveling off at a
value of 0.38(8) J/(mol·K), which is significantly lower
than the expectation for a free electron spin. The en-
tropy change through a magnetic transition is defined
8FIG. 5. Electronic and thermal transport measurements on
a single crystal of (Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe. a)
Temperature dependence of electrical resistivity with mutiple
applied fields, with the applied field parallel to the crystallo-
graphic c-axis, showing a sharp superconducting transition at
41 K. At higher applied fields, the transition onset does not
change, but the transition width is increased drastically. b)
Temperature dependence of heat capacity at various applied
fields showing no observable anomaly at the superconduct-
ing transition temperature, however; a magnetic transition is
observed at ∼ 9 K that is weakly suppressed with high field
(inset). c) The change in entropy calculated as described in
main text.
as ∆S = cRln(2J + 1), where c is the concentration of
magnetic ions in the system and R is the ideal gas con-
stant. Our compositional analysis of single crystals of
(Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe showed a concen-
tration of magnetic ions in the hydroxide layer as c =
0.125, yielding an effective J = 0.22(6) for the system
and effective moment µeff = 1.05(2) µB, spin-only.
The expected spin values for Fe2+ and Mn2+ in tetra-
hedral coordination (quenched orbital angular momen-
tum) are 2 and 5/2 respectively. These values are much
larger than the observed 0.22(6) from entropy measure-
ments. Previous reports observed similar behavior and
concluded that this spin underestimation was due to
spin-glassy character of the magnetism in the hydrox-
ide layer12. The robustness of the observed transition up
to 14 T trends away from a spin-glass description for the
magnetic behavior but spin glassiness cannot be ruled
out9,12,66. In-depth analysis at the atomic level through
imaging or spectroscopy would be useful to understand
how the dilute magnetic ions in the hydroxide layer order
to from long range correlations.
VI. CONCLUSIONS
The coexistence of superconductivity and magnetism
may be the key to realize the next generation of multi-
functional materials. To that end, we have success-
fully synthesized a series of late transition metal doped
(LiOH)FeSe single crystals through a hydrothermal ion-
exchange reaction has been shown to house the co-
existence of superconductivity and long-range magnetic
order in the case of the nominally 20% Mn-doped sample.
We have fully characterized the 20% Mn-doped sample
through powder x-ray and neutron diffraction yielding
a stoichiometry of (Li0.875(2)Fe0.062(3)Mn0.062(3)OD)FeSe
showing that the doped Mn migrates fully to the hy-
droxide layer. Magnetic measurements show a supercon-
ducting transition at 25 K with shielding fraction ∼ 25%
indicating the superconductivity in single crystal sam-
ples may be filamentary in nature with magnetization
showing clear Meissner shielding and magnetic signal co-
existing at low temperatures exclusively. Transport mea-
surements show a sharp 41 K transition in resistivity with
a distinct non-linear normal state with no clear anomaly
detected around the superconducting transition in heat
capacity. However, a clear magnetic peak was observed
at ∼ 9K in heat capacity measurement which remains
robust up to 14 T applied field parallel to the crystallo-
graphic c-axis. Powder neutron diffraction data reveals
a satellite magnetic reflection at Q = 1.41 − 1.44 A˚−1
indicating the long-range character of the magnetic or-
der in this system observed for the first time. Additional
neutron experiments would be required to elucidate the
nature of the magnetic ordering in this system. This work
shows that the (LiOH)FeSe system offers a platform for
chemical manipulation to induce the coexistence of long
range magnetic order and superconductivity for possible
exploitation as multi-functional materials and for use in
quantum computing.
9∗ efrain@umd.edu
1 F.-C. Hsu, J.-Y. Luo, K.-W. Yeh, T.-K. Chen, T.-W.
Huang, P. M. Wu, Y.-C. Lee, Y.-L. Huang, Y.-Y. Chu,
D.-C. Yan, et al., Proceedings of the National Academy of
Sciences 105, 14262 (2008).
2 M. Burrard-Lucas, D. G. Free, S. J. Sedlmaier, J. D.
Wright, S. J. Cassidy, Y. Hara, A. J. Corkett, T. Lan-
caster, P. J. Baker, S. J. Blundell, et al., Nature Materials
12, 15 (2013).
3 W. Chen, C. Zeng, E. Kaxiras, and Z. Zhang, Physical
Review B 93, 064517 (2016).
4 H. Sun, D. N. Woodruff, S. J. Cassidy, G. M. Allcroft, S. J.
Sedlmaier, A. L. Thompson, P. A. Bingham, S. D. Forder,
S. Cartenet, N. Mary, et al., Inorganic Chemistry 54, 1958
(2015).
5 S. Margadonna, Y. Takabayashi, Y. Ohishi, Y. Mizuguchi,
Y. Takano, T. Kagayama, T. Nakagawa, M. Takata, and
K. Prassides, Physical Review B 80, 064506 (2009).
6 S. He, J. He, W. Zhang, L. Zhao, D. Liu, X. Liu, D. Mou,
Y.-B. Ou, Q.-Y. Wang, Z. Li, et al., Nature Materials 12,
605 (2013).
7 G. Wang, X. Yi, and X. Shi, Physics Letters A 379, 2106
(2015).
8 G.-Y. Zhang, M. Chou, and C.-T. Lin, Crystals 7, 167
(2017).
9 X. Lu, N. Wang, H. Wu, Y. Wu, D. Zhao, X. Zeng, X. Luo,
T. Wu, W. Bao, G. Zhang, et al., Nature Materials 14, 325
(2015).
10 U. Pachmayr, F. Nitsche, H. Luetkens, S. Kamusella,
F. Bru¨ckner, R. Sarkar, H.-H. Klauss, and D. Johrendt,
Angewandte Chemie International Edition 54, 293 (2015).
11 J. W. Lynn, X. Zhou, C. K. H. Borg, S. R. Saha,
J. Paglione, and E. E. Rodriguez, Physical Review B 92,
060510(R) (2015).
12 C. V. Topping, F. K. K. Kirschner, S. J. Blundell, P. J.
Baker, D. N. Woodruff, F. Schild, H. Sun, and S. J. Clarke,
Physical Review B 95, 134419 (2017).
13 Y. P. Wu, D. Zhao, X. R. Lian, X. F. Lu, N. Z. Wang,
X. G. Luo, X. H. Chen, and T. Wu, Physical Review B
91, 125107 (2015).
14 J. Lynn, D. Moncton, W. Thomlinson, G. Shirane, and
R. Shelton, Solid State Communications 26, 493 (1978).
15 J. Lynn, D. Moncton, G. Shirane, W. Thomlinson, J. Eck-
ert, and R. Shelton, Journal of Applied Physics 49, 1389
(1978).
16 D. E. Moncton, G. Shirane, W. Thomlinson, M. Ishikawa,
and O. Fischer, Physical Review Letters 41, 1133 (1978).
17 J. Lynn, R. Shelton, H.-E. Horng, and C. Glinka, Physica
B+ C 120, 224 (1983).
18 J. W. Lynn, S. Skanthakumar, Q. Huang, S. K. Sinha,
Z. Hossain, L. C. Gupta, R. Nagarajan, and C. Godart,
Phys. Rev. B 55, 6584 (1997).
19 L. Gupta, Advances in Physics 55, 691 (2006).
20 T. E. Grigereit, J. W. Lynn, Q. Huang, A. Santoro, R. J.
Cava, J. J. Krajewski, and W. F. Peck, Phys. Rev. Lett.
73, 2756 (1994).
21 J. Paglione and R. L. Greene, Nature Physics 6, 645 (2010).
22 J. W. Lynn, B. Keimer, C. Ulrich, C. Bernhard, and J. L.
Tallon, Phys. Rev. B 61, R14964 (2000).
23 Y. Tokunaga, H. Kotegawa, K. Ishida, Y. Kitaoka, H. Tak-
agiwa, and J. Akimitsu, Physical Review Letters 86, 5767
(2001).
24 J. W. Lynn, T. W. Clinton, W.-H. Li, R. W. Erwin, J. Z.
Liu, K. Vandervoort, and R. N. Shelton, Phys. Rev. Lett.
63, 2606 (1989).
25 J. W. Lynn and P. Dai, Physica C: Superconductivity 469,
469 (2009).
26 Y. Xiao, Y. Su, M. Meven, R. Mittal, C. M. N. Kumar,
T. Chatterji, S. Price, J. Persson, N. Kumar, S. K. Dhar,
A. Thamizhavel, and T. Brueckel, Physical Review B 80,
174424 (2009).
27 S. Nandi, W. T. Jin, Y. Xiao, Y. Su, S. Price, D. K. Shukla,
J. Strempfer, H. S. Jeevan, P. Gegenwart, and T. Bru¨ckel,
Physical Review B 89, 014512 (2014).
28 J.-K. Bao, K. Willa, M. P. Smylie, H. Chen, U. Welp, D. Y.
Chung, and M. G. Kanatzidis, Crystal Growth & Design
18, 3517 (2018).
29 V. S. Stolyarov, I. S. Veshchunov, S. Y. Grebenchuk, D. S.
Baranov, I. A. Golovchanskiy, A. G. Shishkin, N. Zhou,
Z. Shi, X. Xu, S. Pyon, et al., Science Advances 4, eaat1061
(2018).
30 A. E. Bo¨hmer, T. Arai, F. Hardy, T. Hattori, T. Iye,
T. Wolf, H. v. Lo¨hneysen, K. Ishida, and C. Meingast,
Physical Review Letters 114, 027001 (2015).
31 M. D. Watson, T. K. Kim, L. C. Rhodes, M. Eschrig,
M. Hoesch, A. A. Haghighirad, and A. I. Coldea, Physical
Review B 94, 201107(R) (2016).
32 M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R.
Davies, A. McCollam, A. Narayanan, S. F. Blake, Y. L.
Chen, S. Ghannadzadeh, A. J. Schofield, et al., Physical
Review B 91, 155106 (2015).
33 A. V. Chubukov, R. M. Fernandes, and J. Schmalian,
Physical Review B 91, 201105(R) (2015).
34 Q. Wang, Y. Shen, B. Pan, X. Zhang, K. Ikeuchi, K. Iida,
A. Christianson, H. Walker, D. Adroja, M. Abdel-Hafiez,
et al., Nature Communications 7, 12182 (2016).
35 M. C. Rahn, R. A. Ewings, S. J. Sedlmaier, S. J. Clarke,
and A. T. Boothroyd, Physical Review B 91, 180501(R)
(2015).
36 Q. Wang, Y. Shen, B. Pan, Y. Hao, M. Ma, F. Zhou,
P. Steffens, K. Schmalzl, T. Forrest, M. Abdel-Hafiez,
et al., Nature Materials 15, 159 (2016).
37 S. Qin, L. Hu, X. Wu, X. Dai, C. Fang, F.-c. Zhang, and
J. Hu, arXiv preprint arXiv:1901.03120 (2019).
38 Q. Liu, C. Chen, T. Zhang, R. Peng, Y. J. Yan, C.-H.-P.
Wen, X. Lou, Y. L. Huang, J. P. Tian, X. L. Dong, G. W.
Wang, W. C. Bao, Q. H. Wang, Z. P. Yin, Z. X. Zhao, and
D. L. Feng, Physical Review X 8, 041056 (2018).
39 X. Dong, K. Jin, D. Yuan, H. Zhou, J. Yuan, Y. Huang,
W. Hua, J. Sun, P. Zheng, W. Hu, Y. Mao, M. Ma,
G. Zhang, F. Zhou, and Z. Zhao, Physical Review B 92,
064515 (2015).
40 M. Ma, L. Wang, P. Bourges, Y. Sidis, S. Danilkin, and
Y. Li, Physical Review B 95, 100504(R) (2017).
41 X. Zhou, C. K. H. Borg, J. W. Lynn, S. R. Saha,
J. Paglione, and E. E. Rodriguez, Journal of Materials
Chemistry C 4, 3934 (2016).
42 Physical Property Measurement System Heat Capacity Op-
tion User’s Manual, Quantum Design, 11578 Sorrento Val-
ley Rd., San Diego, CA 92121-1311 USA, 11th ed. (2004).
43 J. S. Hwang, K. J. Lin, and C. Tien, Review of Scientific
Instruments 68, 94 (1997).
10
44 R. Bachmann, F. J. DiSalvo, T. H. Geballe, R. L. Greene,
R. E. Howard, C. N. King, H. C. Kirsch, K. N. Lee, R. E.
Schwall, H. Thomas, and R. B. Zubeck, Review of Scien-
tific Instruments 43, 205 (1972).
45 A. A. Coelho, Journal of Applied Crystallography 51, 210
(2018).
46 S. Calder, K. An, R. Boehler, C. R. Dela Cruz, M. D.
Frontzek, M. Guthrie, B. Haberl, A. Huq, S. A. J.
Kimber, J. Liu, J. J. Molaison, J. Neuefeind, K. Page,
A. M. dos Santos, K. M. Taddei, C. Tulk, and M. G.
Tucker, Review of Scientific Instruments 89, 092701
(2018), https://doi.org/10.1063/1.5033906.
47 N. R. Davies, M. C. Rahn, H. C. Walker, R. A. Ewings,
D. N. Woodruff, S. J. Clarke, and A. T. Boothroyd, Phys-
ical Review B 94, 144503 (2016).
48 B. Pan, Y. Shen, D. Hu, Y. Feng, J. Park, A. Christianson,
Q. Wang, Y. Hao, H. Wo, and Z. Yin, Nature Communi-
cations 8, 123 (2017).
49 D. N. Woodruff, F. Schild, C. V. Topping, S. J. Cassidy,
J. N. Blandy, S. J. Blundell, A. L. Thompson, and S. J.
Clarke, Inorganic Chemistry 55, 9886 (2016).
50 Q. Gu, Q. Tang, S. Wan, Z. Du, X. Yang, H. Yang, Q.-H.
Wang, H. Lin, X. Zhu, and H.-H. Wen, Physical Review
B 98, 134503 (2018).
51 Z. Du, X. Yang, D. Altenfeld, Q. Gu, H. Yang, I. Eremin,
P. J. Hirschfeld, I. I. Mazin, H. Lin, X. Zhu, et al., Nature
Physics 14, 134 (2018).
52 H. Zhou, S. Ni, J. Yuan, J. Li, Z. Feng, X. Jiang, Y. Huang,
S. Liu, Y. Mao, F. Zhou, et al., Chinese Physics B 26,
057402 (2017).
53 Y. Mao, Z. Li, H. Zhou, M. Ma, K. Chai, S. Ni, S. Liu,
J. Tian, Y. Huang, J. Yuan, et al., Chinese Physics B 27,
077405 (2018).
54 T. M. McQueen, Q. Huang, V. Ksenofontov, C. Felser,
Q. Xu, H. Zandbergen, Y. S. Hor, J. Allred, A. J. Williams,
D. Qu, et al., Physical Review B 79, 014522 (2009).
55 R. Prozorov and V. G. Kogan, Physical Review Applied
10, 014030 (2018).
56 C. Urban, I. Valmianski, U. Pachmayr, A. C. Basaran,
D. Johrendt, and I. K. Schuller, Physical Review B 97,
024516 (2018).
57 R. Khasanov, H. Zhou, A. Amato, Z. Guguchia, E. Moren-
zoni, X. Dong, G. Zhang, and Z. Zhao, Physical Review
B 93, 224512 (2016).
58 C. Wang, X. Yi, X. Sun, Q. Tang, Y. Qiu, Y. Luo, and
B. Yu, Superconductor Science and Technology 30, 085004
(2017).
59 Z. Du, X. Yang, H. Lin, D. Fang, G. Du, J. Xing, H. Yang,
X. Zhu, and H.-H. Wen, Nature Communications 7, 10565
(2016).
60 C. Wang, X. Yi, Y. Qiu, Q. Tang, X. Zhang, Y. Luo, and
B. Yu, Superconductor Science and Technology 29, 055003
(2016).
61 H. Lin, J. Xing, X. Zhu, H. Yang, and H.-H. Wen, Science
China Physics, Mechanics & Astronomy 59, 657404 (2016).
62 Z. Wang, J. Yuan, J. Wosnitza, H. Zhou, Y. Huang, K. Jin,
F. Zhou, X. Dong, and Z. Zhao, Journal of Physics: Con-
densed Matter 29, 025701 (2016).
63 X. Yi, C. Wang, Q. Tang, T. Peng, Y. Qiu, J. Xu, H. Sun,
Y. Luo, and B. Yu, Superconductor Science and Technol-
ogy 29, 105015 (2016).
64 X. Zhou, C. Eckberg, B. Wilfong, S.-C. Liou, H. K. Vi-
vanco, J. Paglione, and E. E. Rodriguez, Chemical Science
8, 3781 (2017).
65 X. F. Lu, N. Z. Wang, X. G. Luo, G. H. Zhang, X. L.
Gong, F. Q. Huang, and X. H. Chen, Physical Review B
90, 214520 (2014).
66 K. Binder and A. P. Young, Reviews of Modern Physics
58, 801 (1986).
VII. ACKNOWLEDGEMENTS
Research at the University of Maryland was supported
by the NSF Career DMR-1455118, the AFOSR Grant
No. FA9550-14-10332, and the Gordon and Betty Moore
Foundation Grant No. GBMF4419. We also acknowl-
edge support from the Center for Nanophysics and Ad-
vanced Materials. We acknowledge the support of the
National Institute of Standards and Technology, U.S.
Department of Commerce, in providing the neutron re-
search facilities used in this work and the NIST awards
70NANB12H238 and 70NANB15H261. The identifica-
tion of any commercial product or trade name does not
imply endorsement or recommendation by the National
Institute of Standards and Technology. The part of the
research that was conducted at ORNL’s High Flux Iso-
tope Reactor was sponsored by the Scientific User Facil-
ities Division, Office of Basic Energy Sciences, US De-
partment of Energy. We thank S.A.J. Kimber for his
assisstance with HB-2A measrements. The use of the Ad-
vanced Photon Source at Argonne National Laboratory
was supported by the U. S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, under Con-
tract No. DE-AC02-06CH11357. We thank S. Lapidus
for his assistance with the 11-BM measurements.
1Supplemental Materials: Long range magnetic order in hydroxide layer doped
(Li1−x−yFexMnyOD)FeSe
FIG. S1. (top) High resolution synchrotron powder X-ray diffraction patterns for (Li1−x−yFexMnyOD)Fe1−zMnzSe collected
at room temperature, (middle and bottom) show powder neutron diffraction data for (Li1−x−yFexMnyOD)Fe1−zMnzSe at 2
K and 50 K respectively. Green tick marks represent the targeted tetragonal layered phase and orange tick marks represent
impurity selenium. These are shown below the calculated, observed, and differences curves from Rietveld analysis. Analysis
yielded a composition of (Li0.888(3)Fe0.072(4)Mn0.038(2)OD)Fe0.980(5)Se.
10% Nominal Doping 20% Nominal Doping
Transition Metal a lattice parameter (A˚) c lattice parameter (A˚) a lattice parameter (A˚) c lattice parameter (A˚)
Mn 3.8963 14.1434 3.8937 14.1513
TABLE S1. Refined lattice parameters of K0.85Fe1.8−xMnxSe2 starting materials made via a high temperature self flux reactions
from the corresponding elements. The 10% and 20% nominal doping come from the stoichiometric additons of each element
to the growth. The reported lattice parameters for the Fe (un-doped) version come from a similarly targeted stoichiometric
compound of K0.85Fe1.9Se2 via Shoemaker, D.P., et al. Phys. Rev. B 86.18 (2012): 184511.
